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ABSTRACT 
 
Hayden K Giuliani: The influence of reduced muscle quality on muscular dimensional changes 
and performance: implications for the elderly and obese  
(Under the direction of Eric D Ryan) 
 
Muscle quality has been suggested to contribute to the age-related decline in muscle 
function, which is exacerbated by obesity. Although the mechanism is unknown, it may be due to 
a reduction in muscular dimensional changes with contraction. The purpose of the present study 
was to determine if the dimensional changes during contraction is influenced by intramuscular 
fat, and its relationship to muscle strength and performance. Forty-nine males were categorized 
into three groups by BMI and age. Participants completed a walking test, a maximal and 
submaximal isometric strength assessment, while ultrasonography was used to determine 
muscular dimensions. Muscle size decreased (P<0.045) across torque intensities in the young 
group, but not in the older men (P>0.410). A greater change in muscle size was correlated with 
faster walking speed (r=-0.377,P=0.013), but not muscle quality or strength. Future studies are 
needed to determine which non-contractile tissues contribute to the alterations in muscular 
dimension changes. 
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CHAPTER I 
INTRODUCTION 
In 2014, there were over 46 million older adults (≥65 years) living in the United States, 
and this number is expected to continue to increase.1,2  Functional limitations are a significant 
concern for older adults, as 61% report difficulty with at least one basic activity of daily living 
(ADL).3  Although the age-related reductions in ADL’s (e.g. walking upstairs) are multifactorial, 
it is well established that low levels of physical function are related to impaired strength and 
power (i.e. dynapenia).4,5  Age-related muscle weakness also poses a significant public health 
concern, as it is highly related to mortality, physical disability, and overall quality of life.6-8 
 Traditionally, muscle weakness exhibited in older adults has been attributed to 
sarcopenia, or the age-related reduction in muscle mass.5,8  Over the age of 70, muscle cross-
sectional area (CSA) can decrease up to 1% each year.9  However, previous studies have 
suggested that muscle strength decreases at a greater rate (2 – 5 times) than muscle size in older 
adults.10,11  These findings suggest that other factors are contributing to the reductions in strength 
and power and subsequent functional limitations.12,13  Delmonico et al.10 demonstrated that there 
is a significant increase in intramuscular fat (IMF) infiltration in older adults, regardless of sex or 
muscle mass changes, resulting in impaired muscle quality with aging. Muscle quality has been 
shown to be an independent risk factor for slips, trips, and falls,14 and a significant predictor of 
stair climb performance and 6-minute walking time in older adults.15  
 Recent data from our lab has demonstrated that obesity is also associated with poor 
muscle quality (r=0.729, P<0.001), which is likely due to increased amounts of intramuscular 
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fat.16  This was supported by Goodpaster et al.18 who demonstrated that biopsy-derived 
intramuscular fat content is elevated in younger obese adults.  More recent studies have indicated 
that the age-related increase in intramuscular fat is further elevated with increased levels of 
obesity.  Rastelli and colleages19 found that obese older women had 29% higher muscle tissue fat 
content [measured by magnetic resonance imaging (MRI)] when compared to age and physical 
activity matched, normal weight controls.  The amount of intramuscular fat was also strongly 
related (r=-0.825) to isokinetic leg extension strength (normalized to muscle size).  These results 
support previous findings that obesity exacerbates the reduction in relative strength and function, 
and increased fatigue with activity.9,14,15,20,21  Choi and colleagues20 also showed that obese 
individuals, especially the elderly, are at higher risk for falls and functional decline due to 
intramuscular fat. 
 To date, we are aware of no studies that have specifically determined the mechanism by 
which increases in intramuscular fat (impaired muscle quality) causes reductions in strength and 
function.  Given the increased role of strength and conditioning professionals in prescribing 
resistance training in many clinical populations (i.e. elderly and obese), future studies are needed 
to determine these specific mechanisms to further enhance resistance training exercise 
prescription.  Recently, a finite-element modeling study examined the influence of intramuscular 
fat infiltration on contractile performance.22  Interestingly, the authors suggested that the 
accumulation of intramuscular fat results in increased muscle tissue stiffness which would resist 
muscular dimensional changes (i.e. decrease in transverse bulging).  Altered muscular dimension 
changes have been identified in individuals with muscular disorders.23  Chi-Fishman and 
colleagues23 examined the size of the rectus femoris (RF) during isometric muscle actions using 
ultrasound, and concluded that myositis patients displayed decreased muscular dimensional 
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changes when compared to healthy age-matched controls.  Thus, the purpose of the present study 
was to determine if increases in intramuscular fat seen with aging and obesity influence muscular 
dimensional changes during incremental increases in torque production.  These aging and obese 
groups were chosen because they have been demonstrated to possess specific differences in 
intramuscular fat, muscle quality, strength and function.10,11,19-21 
 
Purpose 
The overall objective of this proposal was to determine if greater intramuscular fat 
influences muscular dimensional changes during incremental increases in torque production, 
while also determining if these changes are related to muscle function and performance. 
Research Questions 
1. Do increases in intramuscular fat influence muscular dimensional changes during 
incremental increases in torque production? 
2. Is there a relationship between muscle dimensional changes and muscle quality, muscle 
strength, and functional performance? 
Research Hypotheses 
1. We hypothesized that the old normal weight (ONW) adults would have smaller changes 
in muscular dimensions when compared to the young normal weight (YNW) adults, 
which would be further reduced in the old obese (OB) adults. 
2. We hypothesized that the slope of the muscular dimensional change vs. torque 
relationship would be associated with muscle quality, maximum strength, and walking 
speed. 
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CHAPTER II 
REVIEW OF LITERATURE 
 
Aging-Related Issues 
 There is an increasing number of older adults (individuals ≥ 65 years old), with more than 
46 million living in the United States in 2014.  In 2010, people aged 65 and over accounted for 
13% of the total population, and it is projected that in 2030 the number of older adults will grow 
to 72 million and represent nearly 20% of the total U.S. population.24  Interestingly, recent 
estimates suggest that 61.1% of older adults report limitations in one or more activities of daily 
living (ADLs).1,24  According to the Federal Interagency aging statistics, most of the reported 
disability of older adults is associated with self-care and ambulation.24-27  Due to these functional 
limitations in everyday tasks and a high incidence of injuries (i.e. falls), there is an increased 
economic burden on older adults and their caretakers.28-30  The percentage of older adults with 
out-of-pocket spending for health care services increased between 1977 and 2009 (from 83 
percent to 94 percent), with the percentage of income spent on health care also increasing.24  
Age-related muscle wasting and weakness, termed sarcopenia and dynapenia, respectively, have 
been proposed as potential causes of these life-threatening conditions.31 
 Traditionally, age-related physical disability has been linked to sarcopenia, or the age-
related loss of muscle mass.32-34  Sarcopenia differs from atrophy, because it occurs despite 
lifestyle and weight changes.35  A number of cross-sectional papers using different subject 
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groups have shown that aging results in 25-36% decreases in thigh muscle size when compared 
to younger adults.36-40  Interestingly, a long-term longitudinal study by Goodpaster et al.11 found 
a 1% decrease in muscle size per year in 3,075 men and women, from 70-79 years.  However, 
the rate of muscle loss seen in older adults is not uniform, with the lower limb muscles reducing 
at a rate at least twice that of the upper limb.31,41-43  For example, Candow and colleagues41 found 
that the older men had 80 and 98% of the muscle size for the leg extensors and elbow extensors 
when compared to the young, respectively.  While the previously discussed studies utilized MRI 
and computed tomography (CT) scans to quantify muscle CSA, the use of muscle biopsies have 
also been used to measure muscle area.  Using this method, Lexell and colleagues reported that 
the reduction in vastus lateralis muscle size can begin as early as age 25, and can be reduced by 
up to 10% at 50 years.37 
Age-related changes in muscle CSA have been attributed to reductions in both muscle 
fiber size and quantity.37-39,44-45  Behind these skeletal muscle fiber changes is a continual 
neuromuscular denervation and reinnervation process, causing motor unit remodeling.45-50  For 
example, there is a reported 47% decrease in the number of motor units in older adults, with the 
greatest changes occurring in larger fast-twitch motor units.48,50  Previous authors45,49-51 have 
reported that there is a greater reduction in type II versus type I muscle fibers, evident by less 
specific enzyme activity of type II fibers.  For example, Lexell and colleagues38 found a 25% 
loss of total muscle fibers in the vastus lateralis, with a preferential reduction of the type II 
muscle fibers, which accounted for 60% of the reduction in fiber number.  Aging-related motor 
unit remodeling has also demonstrated that type II fibers will become denervated and 
subsequently reinnervated by adjacent smaller slow-twitch motor neurons, causing fiber type 
grouping.47  Fiber type grouping is demonstrated by a decrease in muscle type segregation, and 
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has been documented in a few classic studies showing an increased percent area of type I 
fibers.44,47,53  With increasing age, it has been shown that this shift to slow-twitch fibers and 
increase in fiber grouping causes a higher proportion of type I fibers, which is directly linked to 
fewer fibers per CSA.37,45,52  In addition, previous studies have also documented significant age-
related atrophy in single muscle fibers, which is also more prominent in type II fibers (35%) than 
type I fibers (6%).52,54,55  Lastly, when fibers do not become reinnervated, there is an increase in 
fat and connective tissue infiltration, which consequently contributes to the decrease in muscle 
quality.49,55-56  
More recent studies have shown that dynapenia, defined as the age-related loss of muscle 
strength, may be more highly associated with physical disability.7,9,10,57-59  When adjusting for 
sarcopenia, strength losses were 24-30% in the leg extensors and flexors, indicating that 
sarcopenia may be secondary to the effects of dynapenia.7,57-59  Furthermore, Perry and 
colleagues60 found that in older individuals, those who had fallen exhibited only 85% of the leg 
extension strength of the non-fallers.  Longitudinal studies11 examining dynapenia have reported 
a 3% loss in leg strength per year in older adults, over a three-year period (70-79 years).  In 
addition to the previously discussed loss of muscle size, dynapenia has been attributed to age-
related changes in neuromuscular function.  Possible neural mechanisms include a reduction in 
percent voluntary activation.61 A previous review by Klass62 suggested that the reason not all 
studies show an impaired ability to achieve maximal voluntary activation is perhaps due to the 
technique utilized (ITT ratio vs CAR) and the muscle examined (i.e. proximal vs. distal 
muscles).  The authors62 suggested that the reduction in motor unit fire frequency with older 
adults is likely due to changes in contractile properties, rather than an impaired neural drive, 
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specifically in healthy older adults.  However, it appears that voluntary activation is reduced in 
older adults that are less physical active and have a disease.63-64 
Aging also has negative consequences on muscle-tendon characteristics, including 
decreases in musculotendinous stiffness, weakening and slowing of contractile components, and 
changes in fiber architecture.  A reduction in the rate of force development in older adults has 
been contributed to muscle-tendon compliance.65-66 For example, aging is often accompanied by 
decreases in tendon stiffness65-66 causing additional “lag” time between muscle activation and 
muscle force production.67 In addition, Larsson and colleagues45 have reported a 20-46% and 10-
30% decline in maximal shortening velocity in type II and type I muscle fibers, respectively.68  
D’Antona et al.69 explained this loss by demonstrating a lower myosin concentration in both 
fiber types. Muscle architecture may also play an important role in force development, 
specifically fascicle length and pennation angle, which have been shown to be reduced with 
aging.  Cross-sectional studies70-71 have found a 10-19% reduction in fascicle length, suggesting 
fewer sarcomeres in series, while other studies70,72 have found a 13-20% reduction in pennation 
angle, indicative of fewer sarcomeres in parallel.  Though it is not known which of these 
mechanisms is most significant in the loss of strength, all may play a contributing role to the loss 
of strength and function in older individuals. 
Intramuscular fat infiltration in the aging population 
 A longitudinal study by Delmonico and colleagues10 has shown that muscle strength 
decreases at a greater rate (2-5 times) than muscle size in older adults.  These findings suggest 
that age-related changes in muscle quality may influence reductions in maximal strength and 
power.4,9-11  Originally suggested by Lexell,49 the denervation and reinnervation process in older 
adults may be accompanied by the infiltration of noncontractile tissue, which is commonly 
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referred to as myosteatosis.9,39-40,73  Numerous cross-sectional and longitudinal studies9,10 have 
found that with aging there is a significant increase in IMF and intramuscular connective tissue, 
up to 50% (combined), specifically within the quadriceps muscles.9,10,73-75  A recent study by 
Akima et al.75 demonstrated that IMF related changes in muscle quality measured by both MRI 
and US are related to extramyocellular lipids versus intramyocellular lipids. Additionally, 
reductions in physical activity levels in older adults has been shown to lead to greater IMF 
infiltration (18.4%), when compared to those who maintained their physical activity levels 
(2.3%).11 
Among the growing number of older adults, more than a third are obese, and that number 
is expected to more than double by 2050.3  This poses a significant concern for the elderly 
population, with obesity exacerbating the aging-related issues, often referenced as sarcopenic 
obesity.14,35,76-77  For example, a study by Choi and colleagues20 demonstrated that obese older 
adults showed an increased number of intramuscular lipids, up to two times greater than normal 
weight older adults.  Interestingly, other studies19,78 have shown up to a 29% increase in muscle 
fat content in obese older adults when compared to the normal weight older adults, even after 
controlling for muscle size.  
Functional implications for the elderly and obese elderly 
 Aging is associated with a significant reduction in mobility/functionality and has been 
attributed to mechanisms associated alterations in skeletal muscle function20,79-81 that are further 
exacerbated with increases in obesity.14,82-83  Research has shown that up to 61.1% of older 
adults report limitation with at least one activity of daily living (ADL).3  For example, 
longitudinal studies84-86 have found a significant decrease in gait speed, up to 5.8%, over a 4-year 
period in older adults.  Obesity in old age further influences functionality, with older adults in a 
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higher BMI category displaying a 4-5 times greater risk for functional limitations, and 30-40% of 
those individuals reporting limitations in ADLs.80  For example, Himes and colleagues79 showed 
that the obese older adults were at higher risk for falls, and more importantly, ADL limitations 
after a fall.  Similarly, a study by Rolland and colleagues14, comparing normal weight and obese 
older adults (≥ 75 years), concluded that sarcopenic-obese adults had the highest odds of 
difficulty with functional tasks.   
Previous studies have shown significant correlations between IMF content and functional 
performance (i.e. walking speed and stair climb), suggesting that it IMF may contribute to the 
functional decline.  For example, it has been shown that IMF content and rectus femoris EI were 
significantly correlated to walking speed and functional up-and-go tests in older men and 
women, with poorer muscle quality leading to slower times.82-83,88  More specifically, Therkelson 
and colleagues87 found that for each standard deviation decrease in muscle attenuation (CT 
derived measure of IMF), there was an 1.29 increased chance of lower walking speed.  Similarly, 
another study found that thigh IMF predicted gait speed in 2,306 older adults.84  These authors 
have suggested that the contractile muscle properties became less functional with increased 
intramuscular connective and adipose tissue, creating more stiffness within the muscle.9,88  A 
finite-modeling study by Rahemi and colleagues21 has supported this possible mechanism, 
explaining that fat infiltration associated with obesity and aging can cause an increased stiffness 
in the muscle’s base material properties, affecting fiber shortening and the interaction with the 
aponeuroses.   
Ultrasonography during strength testing 
 Traditionally, MRI and CT scans have been deemed the gold standard in quantifying 
muscle size and quality, however ultrasonography (US) has grown in popularity more recently, 
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due to its lack of radiation and portability.90-92  Using panoramic brightness-mode (B-mode) US 
imaging has allowed researchers to obtain an US image of large muscles, and have demonstrated 
good reliability .89-92  In addition, a recent study by Young et al. 95 that subcutaneous fat 
thickness corrected EI values produced similar measures of MRI derived IMF in a diverse group 
of participants.   
 US has been used primarily to assess muscular characteristics with the subject in a 
relaxed, supine-positioned state, however previous research has shown it can also be used to 
examine active muscle dimensions.  Delaney and colleagues22 used US to assess the contractile 
ability of the quadriceps muscle in young, healthy males during isometric contractions.  The 
authors used mid-thigh RF CSA, width, and depth values to determine a curvilinear change in 
muscle size with increased force production.22  In a clinical population, a similar study23 also 
used US to assess active muscular changes, reporting a significantly smaller dimensional change 
of the RF with increased force output in myositis patients, when compared to healthy controls.  
In both of these studies, each submaximal percentage was determined from the individual’s 
maximal isometric contraction (MVC), and the subject held leg extension at a plateau for 
approximately 3-5 seconds to allow for a panoramic US scan.  This study allowed for a 
quantitative muscular distinction between normal and weak muscle, providing a possible 
mechanistic explanation for decreased function.   
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CHAPTER III 
 
METHODOLOGY 
 
Participants 
Forty-nine men volunteered for this investigation and were categorized into three groups: 
YNW (BMI = 22.4±1.2, age = 21.7±2.2 years), ONW (BMI = 23.5±1.5, age = 70.3±1.6 years), 
and OB (BMI = 33.5±2.3, age = 66.6±2.2 years). For the separate groups, 23 participants were 
enrolled and completed for the YNW group, 15 participants were enrolled and 13 completed for 
ONW group, and 11 participants were enrolled and 9 completed the study for the OB group. All 
demographic data are represented in Table 1. Primary exclusion criteria included: 1) diabetes, 2) 
neuropathy, 3) neuromuscular disease, 4) a recent lower extremity injury in the past three 
months, 5) the loss or gain of 20 pounds in the previous two months, and 6) engaging in more 
than three hours of exercise per week.   
Experimental Design 
Protocol: Each participant visited the laboratory on two occasions, separated by 6-10 days at the 
same time of day (±2 hrs).  On visit one, participants arrived to the lab following an eight hour 
fast and refrained from vigorous exercise 48 hours prior to their visit.  Each participant then 1) 
completed the informed consent document and health and exercise status questionnaire, 2) had 
their body composition assessed, 3) an US assessment of his right thigh, and 4) was familiarized 
with the isometric strength testing protocol and maximal walking speed assessment. Because 
physical activity levels can influence muscle characteristics, the International Physical Activity 
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Questionnaire (IPAQ) long version was completed to assess job-related, transportation-related, 
housework-related, and leisure time activity levels.99 The questionnaire was scored according the 
questionnaire developers’ instructions. During visit two, the participants performed the 10-meter 
maximum walking speed test, followed by a 10 minute rest period prior to the maximal and 
submaximal isometric strength protocol. 
Body composition 
 Stature and body mass were assessed using a calibrated stadiometer (Perspectives 
Enterprises, Portage, MI USA) and calibrated clinical scale (Tanita Corp, Tokya, Japan), 
respectively.  Percent body fat (%fat) was determined from a dual-energy x-ray absorptiometry 
(DEXA) (Hologic Discovery W, Bedford, MA) scan. The participants wore athletic clothing, 
free of any metal, removed any jewelry prior to scanning, and were centered on the DEXA bed 
in the supine position. 
Ultrasound 
Prior to the resting US assessment, participants rested on a padded table for 20 minutes to 
allow adequate time for any potential changes in body fluid shifts.100  Measures of muscle size 
and quality were assessed using a portable brightness mode (B-mode) US imaging device 
(LOGIQ e 5, General Electric Company, Milwaukee, WI, USA) and a multi-frequency linear-
array probe (12L-RS; 5-13 MHz; 38.4 mm FOV) (General Electric Company, Milwaukee, WI, 
USA).  On visit one, resting US images were obtained using the panoramic function on the three 
superficial quadriceps muscles (vastus lateralis, rectus femoris, and vastus medialis) of the right 
leg, with the subject in a supine position and the right leg relaxed and propped at 50 degrees of 
flexion, which was verified using a goniometer.  A cross-sectional scan was performed 
perpendicular to the longitudinal axis of the thigh, half the distance from the greater trochanter 
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and articular cleft of the knee.  Transmission gel was used to enhance acoustic coupling.  Steady 
mild pressure was applied during the course of the scan, without excessive compression of the 
muscle. 
On visit two, a single cross-sectional US scan of the RF was taken at rest, and during 
each maximal and submaximal muscle action approximately two seconds from the onset of the 
contraction to ensure the target torque levels were met.  The scan was taken at the same mid-
thigh position with the participants seated in the Humac dynamometer chair.  The RF was 
identified prior to testing and marked to ensure consistent placement. 
Image Analysis
All images were analyzed using Image-J software (version 1.46r, National Institutes of 
Health, USA) to obtain muscle size [cross-sectional area (CSA)] and muscle quality [echo 
intensity (EI)] values.  Prior to analysis, each individual image was scaled from pixels to 
centimeters using the straight line function.  The polygon function was used to assess CSA by 
outlining the entire muscle, excluding the fascial border.  The same region of interest was 
analyzed using the computer aided gray scale standard histogram function to obtain a mean EI 
value. Values range from 0-255 arbitrary units (a.u.), with black=0 and white=255.  
Subcutaneous fat thickness was measured using the straight line function from the skin to the 
superficial aponeurosis.  The average value of the subcutaneous fat thickness measured at the 
midpoint, medial, and lateral edges of the muscle was used for further analysis.  EI values were 
corrected for subcutaneous fat thickness by using the method outlined by Young and 
colleagues.95  The total CSA was determined by calculating the sum of all 3 superficial muscles, 
while the EI was determined by calculating an average of the 3 superficial muscles. The US 
scans during the strength testing protocol (rest, maximal, and submaximal) were examined to 
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determine rectus femoris CSA, thickness (greatest vertical distance), and perpendicular width 
(greatest horizontal distance). 
Isometric Strength Testing 
 Leg extension peak torque was assessed during an isometric maximal voluntary 
contraction (MVC) using a calibrated HUMAC Norm dynamometer (Computer Sports Medicine 
Inc., Stoughton, MA, USA). Participants were seated in the dynamometer with the right leg 
flexed 60º from horizontal (full extension = 0 º).  The lower leg was secured to the lever arm 
using a padded Velcro strap placed approximately 5 cm proximal from the lateral malleolus of 
the ankle.  The axis of rotation of the dynamometer was aligned with the center of the subject’s 
knee joint.  Seatbelts were used across the waist and upper body to stabilize the subject’s torso.  
Participants were asked to hold their arms across their chest during each effort.  Following three 
submaximal warm-up muscle actions, each participant then performed two 3-4 second MVCs 
separated by a 2-minute recovery period.  The highest peak torque value of the two MVCs was 
used to calculate the submaximal step muscle actions96 at 10 – 90% of their MVC in 10% 
increments.  The submaximal muscle actions were performed in random order with a 2-minute 
recovery period.  The participant was asked to maintain the target torque level for 4-7 seconds 
from a monitor displayed in front of him at the selected submaximal intensity. 
Signal Processing 
 The torque (Nm) signals were sampled at 2 kHz with a Biopac data acquisition system 
(MP150WSW; Biopac Systems, Inc.) and stored on a personal computer (ThinkPad T420; 
Lenovo, Morrisville, NC). A custom-written software (Labview 15; National Instruments, 
Austin, TX) was used to process all of the signals offline. The torque signals were filtered using 
a fourth order, zero phase shift low pass Butterworth filter with a 50 Hz cutoff frequency. 
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Isometric peak torque (PT) was determined as the highest 500 ms epoch during the 3- to 4-s 
MVC.   During the submaximal muscle actions, isometric torque was determined from the most 
stable plateau of the 4- to 6-s hold with a similar 500 ms epoch.   
Maximum Speed Walking Test101 
 Prior to performing the isometric strength testing on visit two, each participant performed 
a 10-meter maximum walking speed test, as described by by Clark et al.101  Participants walked a 
total of 20 meters, allowing for 5 m acceleration and 5 m deceleration periods.  Two researchers 
timed the trials with handheld stopwatches, and the two times were averaged.  Participants were 
told when to start, and were instructed to walk as quickly as they could for the entire 20 meters.  
The walking speed of each participant was normalized to leg length.  The fastest relative walking 
speed [speed (cm/s)/height (cm)]102 of the three trials was used for analysis.   
Statistical Analysis 
 Descriptive data is summarized using mean ± standard deviation (SD).  The slope of the 
muscular dimension vs. torque relationship (see below), skeletal muscle quality (EI), muscle 
CSA, isometric strength, maximum walking speed, % fat, and physical activity levels were 
examined using a one-way between-subjects ANOVA.  The resting and active muscular 
dimensional changes (entire CSA, horizontal, and vertical) were also examined separately using 
a 3 × 11 (group × torque intensity) mixed factorial ANOVA.  The curvilinear muscular 
dimension vs. torque relationship22 was log transformed103 to provide a single slope value for 
each participant.  This slope value was used in a one-way within ANOVA to examine the 
muscular dimensional changes at each torque intensity.  The relationship between the muscular 
dimensional changes (slope value) and muscle quality, muscle strength, maximum walking 
speed, and percent body fat were examined using Pearson’s correlation coefficients. Further 
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analysis of the data set showed significant outliers for specific variables. The Explore tool in 
SPSS was used to identify those outliers, and all were removed from further statistical analysis. 
All analyses were performed using SPSS version 21.0 (SPSS, In., Durham, NC, USA) with an 
alpha level set a priori at P ≤ 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 17 
 
 
 
 
CHAPTER IV 
 
RESULTS 
 
Participants 
 There was a significant difference between groups in age (P < 0.001), body mass (P < 
0.001), and BMI (P < 0.001), but not in stature (P > 0.999). The OB group had significantly 
greater body mass and BMI compared to the YNW and ONW groups. The YNW group had 
significantly lower % fat than the ONW (P = 0.007), and the ONW group was significantly 
lower than the OB group (P < 0.001). Similarly, the OB group showed a significantly greater EI 
than the ONW (P < 0.001) and YNW groups (P < 0.001), with ONW exhibiting a significantly 
higher EI than YNW group (P = 0.013). There was also a significant difference in CSA (P < 
0.036), with the YNW group exhibiting the greatest CSA and the ONW group showing the 
smallest CSA. The IPAQ physical activity scores were different between the ONW and OB 
groups (P = 0.036), but no other difference between groups existed. There were no significant 
differences between groups for walking speed (P = 0.122) or MVC PT (P = 0.176). 
 For the slope of the CSA vs. torque relationship, there was a significant difference 
between the YNW and ONW groups (P = 0.007), but not between the YNW and OB groups (P = 
0.129) or the ONW and OB groups (P > 0.999). There was no significant difference between 
groups for the slope of the depth vs. torque relationship (P = 0.105) or for the slope of the width 
vs. torque relationship (P = 0.760). 
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Muscular Dimensions vs. Torque Relationships 
 For CSA, there was a significant interaction (P = 0.010; Figure 1).  Muscle CSA was 
greater at rest when compared to 30%-100% MVC (P < 0.045), 10% was greater than 50-100% 
MVC (P < 0.035), and 20% was greater than 60-100% MVC (P < 0.046) for the YNW group. 
There were no significant change from rest to 100% MVC for the ONW and OB groups (P > 
0.410). For depth, there was no significant interaction (P = 0.531) or group main effect (P = 
0.334), but there was a significant main effect for torque (P < 0.001; Figure 2). Rest was 
significantly less when compared to 10-100% MVC (P < 0.001), and 10% less than 30-100% 
MVC (P < 0.016). For width, there was no significant interaction (P = 0.631) or group main 
effect (P = 0.180), but there was a significant main effect for torque (P < 0.001; Figure 3). Rest 
was greater than 10-100% MVC (P < 0.001), 10% was greater from 20-100% (P < 0.012), and 
20% was greater from 50-100% MVC (P < 0.008).  
Correlations 
 The Pearson product moment correlation demonstrated that the slope of CSA vs. torque 
relationship was significantly associated with walking speed (r = -0.377, p = 0.013), but not 
significantly associated with %fat (r = 0.271, p = 0.075), MVC (r = -0.265, p = 0.086), or EI (r = 
0.108, p = 0.486). The slope of the depth vs. torque relationship was significantly associated with 
walking speed (r = -0.320, p = 0.039), but not significantly associated with %fat (r = 0.273, p = 
0.077), MVC (r = -0.112, p = 0.480), or EI (r = 0.080, p = 0.609). The slope of the width vs. 
torque relationship was also not significantly associated with %fat (r = 0.047, p = 0.761), MVC 
(r = 0.097, p = 0.526), EI (r = -0.064, p = 0.676), or walking speed (r = -0.072, p = 0.643). 
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CHAPTER V 
 
DISCUSSION 
 The primary findings of the current study indicated that RF CSA decreased from rest to 
30% in the YNW group, whereas there was no change in CSA across %MVC for both the ONW 
and OB groups (Figure 1).  These muscular dimensional changes (i.e. slope of CSA and depth vs 
torque relationship) were significantly correlated with walking speed, but not with body fat 
percentage, muscle strength, or muscle quality. 
 Participants in the current study were initially screened into three separate groups (YNW, 
ONW, OB) based on BMI.  Interestingly, %fat and EI were significantly different between all 
three groups with the OB group having the greatest %fat and the poorest muscle quality (highest 
EI values). Similarly, CSA of the superficial quadriceps muscles was also significantly different 
between all groups, with the YNW group exhibiting the greatest CSA and the ONW group 
exhibiting the smallest. The results of this study are similar to previous studies which indicated 
that older men with similar BMI values have increased %fat, which is further increased in obese 
older men104,105.  Goodpaster et al.11 demonstrated that age-related increases in %BF are due to 
increases in fat mass and a simultaneous decrease in lean mass. Furthermore, increases in %BF 
have been linked to altered muscle quality.9-11,14,20,73-75,78 For example, Koster et al.78 found that 
greater fat mass in older adults was correlated to lesser muscle quality, while Choi et al20 found 
that obese older adults had poorer muscle quality compared to normal weight older adults.  
Obesity-related alterations in muscle quality have been suggested to be due to an increase in 
myosteatosis, or the infiltration of non-contractile tissue.73.74  This has been supported by 
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previous studies which demonstrated that increases in US EI values are linked to increases in 
both fat106 and/or fibrous107 tissues. Studies have also shown that muscle size significantly 
decreases with aging, often known as sarcopenia, specifically in the thigh muscles.35-40 Our 
findings supported this, with the ONW and OB groups exhibiting smaller CSA than the YNW 
group. Further studies, specifically by Tomlinson et al.,17,77 have shown that obesity may 
potentially increase CSA, due to the increases in intramuscular fat and chronic loading of the 
skeletal muscle. In our study, the OB group showed significantly greater CSA than the ONW 
group, while also presenting increased EI, supporting that claim.  
 The use of US to quantify muscle size and quality during resting conditions has grown in 
popularity, but few studies have used this method to examine changes in muscular dimensions 
during active contractions.  It is possible that alterations in how the muscle changes shape may 
influence muscle strength and function. For example, a study by Delaney et al.22 utilized this 
methodology in a sample of young adult males to examine the change in muscle dimensions 
across %MVC. The authors found that the RF CSA and width presented a curvilinear response, 
decreasing markedly from rest to 30% MVC, while depth increased primarily from rest to 10% 
MVC. The results of the present study indicated that the YNW group’s change in CSA across 
torque intensities reflected that of Delaney et al.,22 with the most significant change occurring 
from rest to 30% MVC. The depth and width changes also followed a similar pattern with the 
most significant change occurring from rest to 10% and rest to 20%, respectively. A recent 
finite-modeling study by Rahemi et al.,21 described how increases in intramuscular fat that occur 
with aging and obesity, may increase muscle stiffness, which may decrease transverse bulging.   
Our current study followed-up with these studies and chose to investigate three separate groups 
with known differences in intramuscular fat content.18,20,40,74 We hypothesized that the ONW 
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adults would show significantly less muscle dimensional changes, and the OB adults would show 
the least amount of muscle dimensional changes when compared to the YNW adults. The present 
study indicated that both older adult groups demonstrated different changes in CSA across torque 
intensities, but no difference between the ONW and OB adults (Table 1 and Figure 1). 
Interestingly, the differences between young and older adults was not present for the depth and 
width changes across torque intensities. A possible explanation for the lack of difference in the 
change in CSA between the ONW and OB adults, despite a significant difference in EI, is that 
intramuscular fibrous tissue could be a greater contributor to how the muscle changes shape 
during increasing contraction intensities than intramuscular fat.  Future studies using more 
complex technologies (i.e. MRI), which can distinguish between fat and fibrous tissues, are 
warranted to examine these hypotheses.9,13,75  
 Many previous studies have shown that muscle strength31,41-43 and functional 
performance14,82-84,88 have been correlated with muscle quality, or increases in intramuscular 
adipose and fibrous tissue. For example, it has been shown that IMF content and rectus femoris 
EI were significantly correlated with walking speed and functional up-and-go tests in older men 
and women, with poorer muscle quality leading to slower times.82-83,88 These authors9,88 have 
suggested that contractile muscle properties became less functional with increases in non-
contractile tissues, whereby muscle stiffness increases, as also suggested by Rahemi et al.21  We 
hypothesized that there would be a significant association between the slope of the muscle 
dimensional change variables (CSA, depth, width) vs. torque relationship and muscle strength, 
walking speed, muscle quality, and %fat. The present study found that the slope of the CSA and 
depth vs. torque relationships were associated with walking speed (r = -0.377, p = 0.013; r = -
0.320, p = 0.024; respectively), where the greater change in muscle dimension is associated with 
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faster walking speeds. The significant relationship with maximal walking speed, versus isometric 
strength may be due to the dynamic nature of the activity. The maximal walking speed test has 
also been shown to more readily express neuromuscular changes, rather than an individual’s 
usual walking speed.101 However, the slope values of the muscle dimensional changes were not 
significantly correlated with any other variables, including muscle quality. Interestingly, though, 
a correlation with %fat was trending towards significance (p > 0.075). This relationship may also 
be indicative of the increased role of intramuscular fibrous tissue, rather than intramuscular fat. 
Csapo et al.9 found that with aging there is also a significant increase in intramuscular connective 
(i.e. fibrous) tissue (IMCT). These authors also suggested that the IMCT plays a more significant 
role than intramuscular adipose tissue in muscle stiffness, which can impair muscle function.9,109  
 In summary, although muscle size and quality were significantly different between all 
groups, the change in CSA across torque intensities was greater in the young adult group than 
both older adult groups, regardless of BMI and %fat. The greater the slope of the CSA change 
was also associated with faster walking speeds, but not %fat, muscle quality, or isometric 
strength. Future studies are needed to determine which intramuscular non-contractile tissues (fat 
or fibrous) are the primary contributors to the age-related changes in muscular dimensions that 
influence functional performance.  
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Table 1: Participant demographics, muscle characteristics, and performance variables. 
 YNW (n=23) ONW (n=13) OB (n=9) Results 
Age (years)* 21.7 ± 2.2 70.3 ± 1.6 68.6 ± 2.2 ON/OB > YN 
Height (cm) 177.6 ± 7.6 176.4 ± 6.5 177.4 ± 8.9  
Weight (kg)* 70.9 ± 7.6 73.9 ± 8.8 105.0 ± 8.6 OB > YN/ON 
BMI* 22.4 ± 1.2 23.6 ± 1.5 33.5 ± 2.3 OB > YN/ON 
DEXA BF %* 19.8 ± 4.8 25.7 ± 6.7 36.7 ± 3.0 OB > ON > YN 
Total CSA (cm2)* 40.8 ± 5.2 29.1 ± 4.4 35.9 ± 4.4 YN > OB > ON 
Average EI (a.u.)* 82.9 ± 12.2 96.4 ± 14.9 120.4 ± 11.0 OB > ON > YN 
Walking Speed (m/s2) 3.7 ± 0.4 3.5 ± 0.6 3.3 ± 0.6  
IPAQ* 2571.8 ± 2556.0 4343 ± 2940.8 1647.0 ± 917.0 ON > OB 
MVC 184.5 ± 32.7 167.9 ± 33.0 172.3 ± 21.0  
Slope CSA v Torque* -0.0201 ± 0.02 0.0002 ± 0.02 -0.0061 ± 0.02 YN > ON/OB 
Slope Depth v Torque 0.05 ± 0.02 0.06 ± 0.02 0.06 ± 0.02  
Slope Width v Torque -0.09 ± 0.02 -0.08 ± 0.02 -0.08 ± 0.02  
CSA, cross-sectional area 
EI, echo intensity 
a.u., arbitrary units 
IPAQ, International Physical Activity Questionnaire (score) 
MVC, maximal voluntary contraction 
*P < 0.05, significant difference between groups (Results column) 
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Figure Legends 
 
Figure 1 – The change in rectus femoris (RF) cross-sectional area (CSA) across % MVC for 
each group. Mean values are presented and standard deviations bars are shown above the OB 
group and below the ONW group. Post-hoc analyses are for the young normal weight (YNW) 
group.  
* = Rest > 30-100% (P < 0.045) 
₡ = 10% > 50-100% (P < 0.035) 
§ = 20% > 60-100% (P < 0.046) 
 
Figure 2 – The marginal mean changes in rectus femoris (RF) depth across % MVC. Mean ± 
standard deviations values are presented. Post-hoc analyses include:  
* = Rest < 10-100% (P < 0.001) 
₡ = 10% < 30-100% (P < 0.016) 
 
Figure 3 – The marginal mean changes in rectus femoris (RF) width across % of MVC. Mean ± 
standard deviations are presented. Post-hoc analyses include: 
* = Rest > 10-100% (P < 0.001) 
₡ = 10% > 20-100% (P < 0.012) 
§ = 20% > 50-100% (P < 0.008) 
 
Figure 4 – The relationships between a) the slope of the CSA and b) depth changes across torque 
intensities and walking speed. 
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